Organic poultry production is based on ecological processes, such as nutrient cycling, and reduces the use of synthetic inputs. High-quality protein feeds are needed to provide essential amino acids for poultry, particularly methionine. Although synthetic methionine is currently allowed in poultry feeding in the US organic program, sources that are natural are needed. Fishmeal is a high-quality protein and contains methionine; however, fishmeal sources are limited and may not be sustainable or local. A possible source of fishmeal in the USA is Asian carp fishmeal. Asian carp have invaded the Mississippi river basin with negative impacts on native fish and riparian ecosystems, and harvesting the carp may be a management strategy to help control it. Additional options for high-quality protein feeds include invertebrate meals from mass insect production, such as black soldier fly larvae, and worms. These can be raised sustainably for poultry feed by using crop by-products, residues, or recycled food to reduce food waste. Alternative feeding methods may be helpful to utilize these innovative feeds. Alternative protein feeds can contribute to ecological poultry production and have an important role under certified organic standards.
founded on these ecological concepts [1] . Organic production is 5% of the food market in the USA, and organic poultry production is growing rapidly. Chicken meat production increased by 78% in 2017 [2] . The standards of the US Department of Agriculture's National Organic Program (USDA NOP) are followed for organic certification in the US.
The USDA NOP livestock regulations [3] require that poultry (meat chickens, layers, turkeys, ducks, geese, etc.) have access to the outdoors and be fed certified organic feed. Synthetic drugs, antibiotics, and parasiticides are prohibited. In general, synthetic materials are not allowed in organic production, while natural materials are, unless specified otherwise. In most international organic programs, crystalline amino acids are not permitted in livestock feed because they are synthetic; however, the NOP has permitted a step-down use of synthetic methionine as a feed additive for poultry since the program was established in 2002. The current allowance of 0.9 kg per 907 kg of feed for laying and broiler chickens and 1.36 kg for turkeys is permitted until the next "sunset" review in 2022 [4] . See Fanatico [5] and Riddle [6] for more information on organic poultry production.
Essential amino acids must be provided in poultry diets since the birds cannot synthesize them. Methionine is an essential amino acid important in feather growth, protein synthesis and breakdown, and feed efficiency, and impacts egg weight (size), rate of lay, and immune health [7, 8] . Methionine deficiency in poultry can result in growth inhibition, cannibalism, and increased susceptibility to disease [7, 9] .
Synthetic methionine is typically added to conventional poultry diets, which are based on plant ingredients, such as corn and soybean meal. It is difficult to meet the methionine requirements without an excessive increase in dietary crude protein, which may negatively impact bird health due to increased nitrogen excretion and ammonia emissions [9] . Therefore, synthetic amino acids are added in small quantities in a crystalline form to supply the limiting amino acids. Synthetic methionine, such as DL-Methionine, is used in almost all commercial poultry diets in the USA. Manufacture of methionine involves a number of synthetic chemicals and intermediates, including propene, sulfuric acid methanol, and ammonia [10] , and is listed by Environmental Protection Agency (EPA) as a hazardous air pollutant [11] .
There are no commercial natural methionine supplements and most organic poultry producers rely on the synthetic allowance. In the future, natural methionine supplements may be developed from high-methionine producing strains of yeast or bacteria that could be used in certified organic production [12] . See Fanatico [13] for more information on methionine in organic poultry diets.
Ecological poultry diets tend to be more diverse than corn/soybean and may be composed of local ingredients. When feeds are grown on the same farm or region where the poultry are raised, the manure can be used as fertilizer for the feed crops, thus enhancing nutrient cycling. Protein feeds are needed that can supply highquality protein without dependence on external input of crystalline amino acids.
HIGH PROTEIN FEEDS FOR ORGANIC POULTRY
Many crop plants are high in protein. Legumes, such as soybeans, are protein rich but may have anti-nutritional factors (i.e., trypsin inhibitor, lectins) that require heat treatment before feeding to poultry. Some crops, such as soybeans and canola, are raised for oil, and the meal is a useful protein feed after the oil has been extracted. However, chemical solvents cannot be used for extraction in organic livestock feed because synthetic chemicals are prohibited [3] . Other pulses, grains, and seeds (i.e., sesame, sunflower seeds) provide protein and methionine [14] , and high-methionine corn hybrids are also being developed [9, 13, 15, 16] . Algae, such as spirulina, are high in protein and methionine, and have the benefit of omega-3 fatty acids [17] . However, animal proteins are generally higher quality protein than plants.
It is difficult to formulate organic poultry diets using only plant materials, while avoiding excessively high total protein levels. Krimpen et al. [18] formulated organic layer diets incorporating expelled soybean meal, expelled rapeseed, and de-hulled sunflower seeds, which resulted in 20% CP. However, as noted by the authors, this level of protein was higher than what is needed by layers. Adding potato protein and corn gluten meal (95% organic diet) to supply methionine allowed the protein level to be reduced to 18%. However, the commercial availability of organic potato protein and corn gluten meal is low.
In nature, poultry not only eat plants but also animal and invertebrate material. Animal protein is high quality and highly digestible compared to plants. Less animal protein is needed in order to provide adequate amino acids, thereby lowering overall protein content. Unfortunately, animal proteins are expensive. In conventional poultry production, slaughter by-products, such as meat and bone meal, can be used as a lowcost protein feed and may be good examples of ecological nutrient cycling. However, slaughter by-products are not allowed as feed in organic poultry production, even if they are from organic animals [3] . Other sources of animal protein are needed.
Fishmeal
Fishmeal is a commonly used animal protein. While some international organic programs have standards for aquaculture, the USDA NOP currently does not. However, the USDA NOP standards allow the use of fishmeal as a nonsynthetic feed supplement for feeding to organic poultry and mammals. Under the NOP, a "feed supplement" is intended simply to improve the nutritional balance of the feed and must be diluted with feedstuffs or fed separately free choice. All feed supplements must be FDA compliant.
Fishmeal comes from different sources, including whole fish (menhaden, anchovies, etc.) that are caught specifically for processing, bycatches from other fishing, fish wastes from processing for human use (e.g., trimmings, offal), or aquaculture operations. Menhaden fishmeal, the most common type in the USA, is harvested from the Atlantic.
Whole fish may be high in protein and fat. It is generally processed using heat or pressure to produce fish oil and fishmeal. The fish is cooked at about 90
• C and then passed through a screw press where liquids are removed, resulting in a high-protein meal. The final meal is dried to 10% moisture and generally ground. Fishmeal processing was common in the USA during 1970s-1980s; however, the process has moved to other countries. There is little fishmeal manufacture in USA, owing to issues with odor in the surrounding environment. In addition, the by-products and effluents from rendering facilities have been subjected to restrictions from the EPA.
Fish oil is useful for feed and lubricants. About 10-12% oil still remains in the resulting fishmeal after oil removal. Menhaden fish, in particular, is high in omega-3 fatty acids [19] . Feeding the meal to poultry can increase the omega-3 fatty acid content of meat and eggs [20] . This can increase the amount of omega-3 fatty acids in human diets, especially in places like the USA where consumers do not eat a lot of fish.
Fishmeal is subject to spoilage due to the high percent of unsaturated fatty acids. Ethoxyquin is a synthetic antioxidant applied to fish meal to protect fatty acids for long periods [21, 22] . Over the last 2 decades, the toxicity of ethoxyquin has been debated and, while research has not been conclusive, many countries in the European Union (EU) do not allow any ethoxyquin in food for human consumption [21] . While there are "safe tolerance levels" allowed in the USA for animal feedstuffs, ethoxyquin is not permitted in organic feed [13] . In contrast, tocopherol is a natural method of preserving fishmeal and permitted in organic production. However, in the USA, fishmeal preserved with natural tocopherols is limited, and the majority of this supply is used in the pet food market [23] .
The protein quality of fishmeal for poultry diets varies based on the source of fish and the processing steps used to produce the meal, but most have about 60% CP and 1.7% methionine [24] . Compared to plant proteins such as soybean meal, fishmeal provides high-quality protein (Table 1) . Fishmeal is also a good source of calcium and phosphorus for poultry, and nutrients are in a highly available form [25] . In an extensive historical review, fishmeal from various sources of fish (herring, anchovy, or menhaden) demonstrated higher weight gain in broilers compared to vegetarian diets [26] . Egg production, fertility, and hatchability have also improved with inclusion of fishmeal in the diet [27] . Poultry diets should generally be limited to no more than 10% fishmeal to prevent a fishy taste to the meat [28] . The sustainability of fishmeal use in poultry diets can be a concern due fishing practices and potential impact on wild fish population [29] . Fishing often takes place in areas far removed from where poultry are raised and is not based on cycling of local nutrients. Overfishing has resulted in limited fishmeal availability, and stewardship to protect fish populations is critical. According to organic aquaculture standards proposed by the National Organic Standards Board, an advisory board to the NOP, the sustainability of wild-caught fisheries is paramount and fishmeal should be sourced from sustainably managed resources [30] . Under EU regulations, fishmeal can be used in organic poultry feeds only if it is from a sustainable source. The conservation of natural resources is a key part of ecological and organic agriculture.
The use of local and regional fishmeal in poultry diets can support regional nutrient cycling. For example, Mississippi is a large producer of catfish, which is popular for human consumption; however, 50% of the fish harvested is processing waste [31] . Fishmeal made from this waste could be useful in the southern USA as a locally or regionally sourced protein for poultry production.
Developing an Alternative Source of Fishmeal Asian carp is an invasive species in the midwestern and southern USA. Silver carp and bighead carp are filter feeders and were imported from Asia in 1970s to improve water quality for aquaculture ponds. Due to flooding events and deliberate introductions, they have had a devastating impact in US waterways. With no known predators, they outcompete native fish species, thereby reducing diversity [32] . In addition, due to their tendency to jump out of the water in response to motorboats (Figure 1 ), they are a danger to anglers [33] . Asian carp have cost taxpayers millions of dollars, damaged aquatic ecosystems, and could potentially damage a $7 billion fishing industry by reproducing in the Great Lakes [34] . Therefore, developing a potential market to harvest Asian carp could have a profound impact on improving native fish populations.
The market value of Asian carp is very low, because the bones make it a challenge to prepare for human consumption [35] . Other issues commonly associated with carp are offflavors and potential toxin concentrations; however, these may be misconceptions. Unlike grass and common carp that are bottom feeders, silver and bighead carp are filter feeders with diets consisting of zooplankton and phytoplankton [36, 37] . For example, Papp and coworkers [38] found that bottom feeders had 5 to 10 times the geosmin (responsible for off-taste) in fillets than filter-feeding silver carp. In addition, filter feeders are exposed to fewer toxins compared to predatory fishes [39] . Therefore, issues with flavor or toxin levels associated with the fishmeal produced from silver or bighead carp may be negligible.
Because Asian carp are considered an invasive species, efforts are being made for their eradication. The creation of a market demand for fishmeal for livestock feed may be [42] . Asian carp is currently being evaluated as a high-quality fishmeal and a natural source of methionine for organic poultry production [43] . Researchers are developing cost-effective Asian carp fishmeal products and evaluating organically suitable preservatives (such as the use of tocopherol compounds). Researchers are also developing broiler ration formulations that optimize methionine levels and testing diets in organic broiler and layer production systems. Comprehensive evaluation of on-farm results is ongoing, and economic and practical assessment of these results will evaluate the potential longterm utilization of the optimized product [44] .
Insects
Insect and invertebrates are natural protein sources for chickens, turkeys, and other poultry and can potentially replace fishmeal in organic poultry diets. Insects, due to their high reproductive potential, nutritional quality, low water and space requirements, ability to use waste as feed, and low environmental impact, can be produced sustainably for livestock feed [45] [46] [47] .
In the USA, insects have been raised commercially for 60 yr as bait and exotic pet food, but only recently has interest turned to livestock feed. In contrast, in Asia, silkworms have long been used as livestock feed as a waste product of the silk industry [48] [49] [50] [51] . Interest is developing in house crickets, mealworms, house flies, superworms, and black soldier flies (BSFs) for livestock feed [52] . Insects have soft tissue on the inside and a hard exoskeleton (cuticle) on the outside that is made of chitin, a polysaccharide. Insects are high in water (70%), crude protein (40-60%), and sometimes fat [53; Table 2 ]. In most cases, insect meal is lower in methionine than fishmeal [54] . Finke [55-57] found arginine and methionine to be co-limiting when incorporating insects as the primary source of protein in diets for growing chicks. Finke [56] , however, reported high methionine content in the protein of adult house flies (Table 3) , with more than twice the content in fishmeal.
It is important to reduce potential pathogens when raising insects for mass production. While insects can transmit some human diseases, such as malaria and yellow fever, food-borne pathogens such as Salmonella spp. and Escherichia coli are not prevalent in insects [58] . Unlike vertebrate food animals, there are large differences in genetics and biochemicals between insects and humans, and transmission of foodborne pathogens is minor. However, some insects, such as cockroaches and house flies, can spread pathogens mechanically by their activity, especially if they have been in contact with contaminated feces and waste [58] . Insects raised and processed under hygienic conditions do not provide a source of human pathogens [58] . Manure from vertebrates is a useful feedstock for insect production, especially for waste reduction, but it is a concern due to pathogens. Interestingly, BSF larvae have a natural antibiotic that inhibits coliform bacteria and significantly reduces colonization in manure, and even municipal waste [59, 60] . Insects do not have to be cooked for livestock feed, especially if they are dried quickly. However, they turn black due to enzymatic action. To inactivate enzymes and prevent this issue, insects are blanched in 95
• C water for 1 min [61] . Commercial insect proteins are also used for human food. The most common products consist of finely ground dry insects, which have been oven dried and roasted. Generally, no stabilizers or antioxidants are added. These types of powders are fairly stable and can be stored dry at refrigerated temperatures for a long period of time. Other, more sophisticated products consist of extra fine powders produced by spray drying of pasteurized liquefied insects. These are vacuum packed and tend to be less stable. Once the package is opened, it may oxidize and turn black. However, these powers can be safely stored at freezing temperatures [62] . Whole insects can also be preserved by freezing and some companies sell them whole frozen or dry.
Black Soldier Flies
Black soldier flies (Hermetia illucens) have an ability to bioconvert organic wastes, including manure, crop waste, or food scraps, into a high-quality protein in the form of their larvae [63, 64] . This is important when addressing sustainability issues and reducing food waste. Black soldier flies are native to the southeast USA and warmer areas, and do not bite, sting, or pose a nuisance [65] .
Black soldier fly larvae are high in protein (42%) and fat (35%) [66] . Finke [56] reported that BSF larvae have an energy content of 5139 kcal ME/kg on a dry matter (DM) basis and 3.37 g/kg of methionine on an as-is basis. This equates to 0.9% methionine on a DM basis. Black soldier fly larvae differ from other insects in that they have a mineralized exoskeleton that is high in calcium. They are also high in lauric acid, which is a saturated fat [56] . In contrast, most other species of commercialized insects have predominantly monounsaturated and polyunsaturated fatty acids [55] . The high amount of fat and minerals in BSF larvae may be a concern for feeding livestock [67], although the larvae can also be pressed for oil for biofuel [68] .
Eggs or larvae can be purchased or, in warm weather, native females can be attracted to a rich source of food for egg laying. At hatching, small larvae eat crop residue or organic wastes and can be kept in plastic tubs. Temperature requirements for production are [27] [28] [29] [30] • C temperature [65] . In 4-6 wk, the larvae begin to turn black and mature into prepupae. They develop a chitinous exoskeleton. They stop eating and their mouth parts change into hooks, which they use to migrate upwards away from their food source in order to pupate [65] . This behavior can be used for self-harvest, with ramps directing larvae to a vertical drop and collection area; however, not all the prepupae self-harvest. Mechanical separation of larvae from their food substrate and frass may be more efficient [65] . Mechanical separation, such as sifting, also allows harvest of young larvae before they develop an exoskeleton. Some of the prepupae can be allowed to turn into adult flies in order to perpetrate the colony.
An example of a small unit for the farm is the "protapod" which allows both larval and adult production (Figure 2) [69]. Black soldier fly larvae can recover 70% of nutrients in food waste. When protapods (1.2 m diameter) are used at full capacity, the units can process 11.4 kg of food scraps per day and yield 2.28 kg of prepupae as-is (conversion rate of 5.00) [70] . However, if low-energy feedstocks, such as manure or spent grain, are used, the conversion rate will not be as high. When units are managed aerobically, there is no offensive odor.
Small, corrugated cardboard strips placed above a food source make ideal egg-laying sites. However, adult fly production is regulated by sunlight, and the use of artificial light will result in lower levels of mating [65] . A heated greenhouse insectarium may be needed in areas with cold periods.
Black soldier fly larvae have replaced 100% of fishmeal in layer diets with no impact on egg production [71]. Leiber et al. [72] used BSF larvae in combination with peas or alfalfa to provide protein to slow-growing organic meat chickens and found performance to be comparable with a soybean meal control. 
Other Insects
Mealworms (Tenebrio molitor) are very nutritious and can be raised on high-fiber, highcellulose feed stocks, such as wheat bran and spent grains (Figure 3 ). Mealworms are commercially produced in trays and fed with mixtures of wheat bran, potato, carrot, or cabbage, which can be obtained from food scraps or crop waste. Mealworm larvae have the capacity to take water from the air at a relative humidity of 70% or higher and can be raised in dry conditions [65] .
Crickets (Acheta domesticus) also eat highfiber feedstocks, including soybean hulls. Crickets need moist conditions and are easy to grow in plastic tubs with common household materials, such as shallow egg-laying pans filled with coconut coir, sand, cotton, or peat moss. Water can be provided by poultry waterers that are lined with foam to prevent drowning. Crickets prefer temperatures of 27-30
• C but can survive in the range of 20-35
• C [65] . Both crickets and mealworms can be raised in the dark [73] .
Historically, the topic of insects as food and feed had received little attention in the academic sector. As a result, research to acquire knowledge on their biology and improved methods to produce and process them economically has not advanced sufficiently and the production and processing of insects are still primitive. However, a recognition of the potential of insects to provide foods for an increasing world population has occurred in recent years. For instance, an estimated 19,000 peer-reviewed articles and patents were produced in the subject of insects as food and feed during the whole 20th century, but an estimated total of 42,000 peer-reviewed articles and patents have been produced on this subject between 2000 and 2016 [74] . This trend seems to be accelerating as the number of peer review articles have doubled in number from 2013 to 2016. This trend has been fueled by an increase in funding (governmental and private) [65] , an increase in insect-based food industry [62] , and an increased recognition of the potential of insects as sustainable sources of food [75] . This trend has led to the creation of the peer reviewed Journal of Insects as Food and Feed, the first issue of which was published in 2015, the first to be focus exclusively on topics related to the use of insects as food and feed.
WORM PRODUCTION (VERMICULTURE)
Worm protein is common in poultry diets in nature and important to consider as an ecological poultry feed. Vermiculture is a sustainability practice to reduce food waste, produce a protein feed, and produce a valuable soil amendment.
Worms can convert organic wastes, such as food scraps, crop waste, or cardboard, into a humus-like material. Red wiggler (Eisenia fetida) is one of a few worm species suitable for this. In contrast to soil-dwelling earthworms, red wrigglers are litter-dwelling worms and require bedding. Their excrement or castings are a valuable soil amendment for crops, with nutrients readily available to plants [76] . This is important in ecological production where feed crops and livestock are raised on the same farm.
Worms can eat 25-35% of their body weight per day [77] . According to Fosgate and Babb [78] , 2 kg of manure feedstock (DM basis) yields 1 kg of worms (as-is basis). Because worms are only about 10% DM, this equates to 2,000 g/100 g or a conversion rate of 20.
Commercial and small-scale growers use various production methods, including flowthrough, in-ground, and small bins. Red wigglers are hermaphrodites and produce cocoons that incubate in 5-6 wk. To harvest castings, migration methods are used that entice worms to move from the finished castings to new bedding and food. More advanced flow-through units are engineered so that fresh feed can be added to the top and lower layers of castings are harvested continually.
When harvesting worms for livestock feed, it can be challenging to separate the worms from bedding or finished castings. On a small-scale, bedding can be flooded so that worms rise to the top and are caught on a screen (Figure 4) . Mechanical systems include a rotary screen or trommel [79] . After harvest, worms are blanched with scalding water to kill them and then soaked for several hours to remove residual gut contents. They can then be dried [80] .
The protein content of worms ranges from 55 to 71%, and the amino acid profile is similar to fishmeal [81] . El Boushy and van der Poel [79] presented evidence that worms are as high in methionine as fishmeal. Loh et al. [82] found that worm meal could be used to replace soy and fish meals at levels between 10 and 15% in meat chicken diets.
Processing Invertebrates for Livestock Feed
While poultry relish live invertebrates, processing allows the storage of meals (especially for feeding poultry in winter), creates a uniform feed, and permits managed feeding rates. Also, the high temperatures reached during processing and drying can help control pathogens. A solar dehydrator is a low-tech way to quickly dry insects and worms during warm months [83] . Processing invertebrate proteins can also yield useful by-products, such as biofuel.
There are regulatory restrictions on selling insect meal as commercial livestock feed in many countries, including the USA, particularly if raised on animal wastes, such as manure, due to possible pathogens or contaminants. Crop residues and waste from bioethanol are suitable feedstocks to rear invertebrates. The Canadian company Enterra feeds pre-consumer recycled food (food waste from local farms, food processors, and grocery stores) to BSF larvae but no animal waste or meat [84] . The Canadian Food Inspection Agency has approved Enterra Whole Dried Larvae as a feed ingredient for aquaculture and poultry. In the USA, the Association of American Feed Control Officials allows this feed for salmonids [85] . Small producers may be able to raise invertebrates on their own farms and feed them to their animals.
Feeding Methods and Integration with Organic Poultry Production
Innovative proteins, such as Asian carp fishmeal and other meals, can be incorporated into organic poultry feeding programs in various ways. While fully formulated diets are most common in organic poultry production, alternative methods of feeding are of interest. Some smallscale poultry producers raise and mix their own poultry feed from farm-raised feeds ( Figure 5 ). In fact, some organic programs recommend using uncompounded organic feeds or "straights" from the grower's own farm [86] . Multiple feeds can be offered to birds "cafeteria style" [87] . However, feeding multiple ingredients can be a challenge in commercial production. Another method of feeding, historically called "mash and grain," offers 2 complementary feeds: a highprotein concentrate and a grain between which birds self-select to reach their nutrient targets.
Fanatico et al.
[88] offered a high protein concentrate (based on fishmeal and soybeans) along with corn to organic broiler, and found better feed efficiency compared to fully formulated feeding, although weight gains were lower.
Feeding in ecological poultry production is part of an integrated approach that includes outdoor access, appropriate genetics, and preventative practices for health management within a holistic production system.
It is important to create sustainable agroecosystems based on natural processes that can provide an efficient harvest output, while maintaining nutrients in a closed cycle [89] . Ecological poultry production can be productive, while conserving resources for future production. Sustainable sources of protein feedstuffs that are high in methionine play a key role for organic poultry production.
CONCLUSIONS AND APPLICATIONS
1. Innovative fish and invertebrate meal can provide sources of protein and natural methionine for organic poultry production. 2. Asian carp fishmeal can provide a regional source of protein in the USA, as well as an ecosystem service by helping to eradicate an invasive species. 3. Mass invertebrate production, such as insects, provides high-quality protein for animal feed, while increasing nutrient cycling of crop by-products and residues, and reducing food waste. 4. Black soldier fly larvae production is an onfarm method to raise high-quality animal protein for organic poultry feed, on both a large and small scale. 5. Ecological protein feeds for poultry are a key part of sustainability in organic agriculture.
